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ABSTRACT 

A  new  antenna  is  described  which  makes  possible  radiation  pattern 
bandwidths  previously  considered  to  be  impossible. 

The  design  of  the  antenna  is  based  upon  the  simple  fundamental 
principle  that  if  the  shape  of  the  antenna  were  such  that  it  could  be 
specified  entirely  by  angles,  its  performance  would  be  independent  of 
wavelength. 

Since  all  such  shapes  extend  to  infinity  it  is  necessary  to  specify 
at  least  one  length  for  an  antenna  of  finite  size,   This  principle  can  be 
used  as  a  basis  for  practical  antenna  design,  because  in  some  cases  the 
antenna  performance  is  practically  independent  of  wavelength,  provided 
this  one  length  is  very  large  compared  with  the  wavelength  of  operation. 

Each  arm  of  the  equiangular  spiral  antenna  is  defined  by  two 
identical  equiangular  spiral  curves,  one  rotated  through  a  fixed  angle 
around  the  origin  with  respect  to  the  other.    Thus  the  antenna  is 
completely  described  by  two  angles  and  one  specified  arm  length,   It 
is  remarkable  in  that  this  one  length  need  only  be  comparable  to  one 
wavelength  to  obtain  operation  essentially  independent  of  frequency, 
It  is  the  first  antenna  to  exhibit,  in  a  practical  size,  the  characteristics 
associated  with  an  infinite  structure. 

The  investigation  is  concerned  with  the  planar  balanced  antenna 
which  radiates  a  broad  lobe  perpendicular  to  the  plane  of  the  antenna 
over  a  practical  range  of  parameters.   The  radiation  is  bidirectional 
with  equal  beams  radiated  from  the  front  and  the  back  of  the  structure. 
The  beam  is  circularly  polarized  on  its  axis,  over  the  useable  bandwidth. 
There  is  no  basic  tilt  to  the  lobe  of  the  symmetrical  antenna. 
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It  is  shown  that  a  change  in  wavelength  is  equivalent  to  merely 
rotating  the  antenna  through  a  fixed  angle,   Hence  the  pattern  of  the 
infinite  structure  would  be  independent  of  frequency,  except  for  a 
rotation  of  the  radiated  field  about  an  axis  perpendicular  to  the  antenna, 
Within  the  necessary  limitation  imposed  by  the  one  fixed  length,  this 
is  shown  to  be  true  for  the  finite  size  structure. 

For  frequencies  such  that  the  antenna  arms  are  very  short  in  terms 
of  wavelength,  the  radiated  field  is  linearly  polarized.   As  the  arm 
length  is  increased  (or  frequency  increased)  the  field  on  the  axis 
perpendicular  to  the  plane  of  the  antenna  becomes  elliptically  and 
then  circularly  polarized.   Since  there  are  no  distinctive  changes  in 
pattern  shape,  this  change  in  field  polarization  is  used  as  a  criterion 
for  specifying  the  cutoff  of  the  pattern  bandwidth.   The  upper  and  lower 
cutoffs  are  independent,  the  upper  being  determined  by  the  fineness  of 
construction  of  the  spiral  at  the  feed  point  and  the  lower  by  the  arm 
length.   Pattern  bandwidths  in  excess  of  20  to  1  have  been  recorded  and 
there  is  no  indication  that  this  bandwidth  could  not  be  extended 
indefinitely.   Radiation  patterns  are  presented  for  a  wide  range  of 
antenna  parameters. 

The  input  inipedance  is  shown  to  converge  rapidly  with  increasing 
frequency  and  for  the  antennas  of  most  interest  the  slot  version  is 
rarely  mismatched  more  than  3  to  1  to  a  50  ohm  line,  and  is  usually  2  to 
1  or  better  over  the  radiation  pattern  bandwidth. 

The  near  fields  on  the  antenna  were  probed  and  the  amplitude  and 
phase  distributions  are  presented.   The  efficiency  of  the  basic  antenna 
(constructed  without  lossy  dielectrics)  is  approximately  98%  over  the 
useable  band  of  frequencies. 
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I.   INTRODUCTION 

The  past  two  decades  have  witnessed  a  rapid  extension  of  that  portion 
of  the  electromagnetic  frequency  spectrum  that  is  useable  for  communication 

purposes.   With  this  portion  of  the  spectrum  expanded  to  a  range  of  over 

7 
10  to  one,  and  with  present  applications  requiring  continuous  coverage 

of  large  portions  of  this  spectrum,  it  is  not  surprising  that  a  great 

deal  of  time  and  effort  have  been  directed  toward  the  development  of 

the  physical  equipment  to  provide  this  coverage.   One  of  the  serious 

drawbacks  to  any  simplified  solution  has  been  the  extremely  limited 

bandwidths  obtainable  with  both  the  receiving  and  transmitting  equipment 

and  the  antennas  required  to  successfully  launch  and  receive  the 

electromagnetic  radiation.   Recent  developments,  of  which  the  traveling 

wave  tube  amplifier  is  of  note,  have  somewhat  alleviated  the  first 

portion  of  this  problem.   This  report  is  concerned  with  the  latter 

portion  of  the  problem, , the  development  of  a  broad  band  antenna. 

The  term  "broad  band"  has  been  loosely  applied  in  the  past,  but 
has  usually  applied  to  antennas  whose  radiation  and  input  impedance 
characteristics  were  acceptable  over  a  frequency  range  of  two  or  three 
to  one.   The  bandwidth  of  the  radiation  pattern  has  been  the  limiting 
factor,  since  antennas  have  been  developed  with  an  input  impedance  that 
stays  relatively  constant  with  a  change  in  frequency,  but  whose  pattern 
does  not. 

Several  really  broad  band  antennas  have  been  proposed  in  recent 

years — the  disco ne  by  Kandoian  in  1946  ,     the  conical  helix  by 

(2)  (3) 

Chatter jee  in  1953,   '  the  archimedes  spiral  by  Turner  in  1953,   ' 

(4) 
and  the  logarithmically  periodic  antenna  by  DuHamel   and  Isbell. 
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However,  in  the  fall  of  1954,  Professor  V.H.  Rumsey  of  the  University 
of  Illinois  advanced  the  theory  that  an  antenna  constructed  in  the 
form  of  an  equiangular  spiral  of  infinite  length  would  have  an  infinite 
pattern  and  impedance  bandwidth,  and  proposed  that  the  characteristics 
of  the  finite  size  structure  be  investigated.   Subsequent  investigation 
has  disclosed  that  the  equiangular  Spiral  antenna  is  the  first  antenna 
to  exhibit,  in  a  practical  size,  the  characteristics  associated  with 
an  infinite  structure    '      Thus,  it  became  the  first  of  a  new 

class  of  antennas  which  may  appropriately  be  called  "Frequency  Independent 

"  (7) 
Antennas. 

This  report  will  present  some  of  the  characteristics  of,  and  design 

information  for,  the  balanced  equiangular  spiral  antenna. 


1.   See  numbered  reference  in  the  bibliography.   All  such  numbers 
throughout  this  manuscript  refer  to  numbers  in  the  bibliography 


II.       DEFINITION   OF   THE  ANTENNA 

2.1  The   Design  Principle 

The  design  of  the  equiangular  spiral  antenna  is  based  upon  a 

(7) 

simple  fundamental  principle.      If  all  dimensions  of  a  perfectly 

conducting  antenna  (immersed  in  lossless  free  space)  are  changed  in 
linear  proportion  to  a  change  in  wavelength,  the  performance  of  the 
antenna  is  unchanged  except  for  a  change  of  scale  in  all  measurements 
of  length.   Therefore,  if  the  shape  of  the  antenna  were  such  that  it 
could  be  specified  entirely  by  angles,  its  performance  would  be  inde- 
pendent of  wavelength  (except  for  the  change  in  scale). 

Since  all  such  shapes  extend  to  infinity  it  is  necessary  to  specify 
at  least  one  length  to  specify  an  antenna  of  finite  size.   This  principle 
can  be  used  as  a  basis  for  practical  antenna  design,  because  in  some  cases 
the  antenna  performance  is  practically  independent  of  wavelength,  provided 
this  one  length  is  very  large  compared  with  the  wavelength  of  operation. 
As  succeeding  sections  will  show,  an  investigation  of  the  equiangular 
spiral  antenna  has  shown  that,  for  this  antenna,  the  one  specified  length 
need  not  be  large  compared  to  a  wavelength,  and  in  fact  need  only  be 
comparable  to  one  wavelength  to  obtain  operation  essentially  independent 
of  frequency. 

2.2  The  Equiangular   Spiral 

The  equiangular   (or  logarithmic)    spiral   is  a  plane  curve  which  may 
be  defined  by  the  equation 

p    =  k  ea(^'  (2.1) 


or 


iCf>>=JnJL  (2.2) 


4 
as  in  Fig.  1.  p  and  <p  are  the  conventional  polar  coordinates  and  a  and 

k  are  positive  constants.   The  curve  has  many  interesting  properties, 
one  of  which  is  that  the  angle  A,  between  the  radius  vector  and  a  tangent 
to  the  curve,  is  always  constant,  hence  the  name  equiangular  spiral. 
Note  also  that  if  the  arc  length  along  the  spiral  is  increased  by  seg- 
ments which  represent  a  series  of  numbers  in  arithmetic  progression, 
the  various  radii  to  the  end  points  of  these  segments  represent 
a  series  of  numbers  in  geometric  progression.   The  same  ratio  of  length 
exists  between  any  two  consecutive  radii.* 

If  the  angle  0'  is  increased  by  one  full  turn,  the  radius  vector 

27Ta 
is  increased  by  the  factor  e   ,  hence  each  turn  of  the  spiral  is  identical 

with  every  other  turn  except  for  a  constant  multiplier. 

The  length  of  the  spiral,  which  will  be  of  use  later,  may  be  calcu- 
lated from 

P 


/=k/   [p2(d0'/dp)2-f-l]2dO  (2.3) 


which  reduces  to  the  simple  equation: 

£s  k[/72+1  <P"P0)]-  (2'4) 

It  is  of  interest  to  note  that,  given  a  family  of  spirals  defined  by 

p=ea*'  (2.!) 

there  exists  a  family  of  spirals,  orthogonal  to  the  first,  which  may  be 


♦The  curve  may  be  used  to  perform  graphical  proportion,  multiplication, 
and  division  in  much  the  same  manner  as  the  slide  rule. 


defined  by 


P  =  e°®\  (2.5) 


To  relate  the  two  families,  note  that  the  angle  between  the  radius  vector 
and  a  tangent  to  the  curve,  angle  A,  is  defined  by 

tan  A,  =  .^.jl,  =  -.  (2,6) 

1   dp/dp'   a 

Similarly  for  the  second  set  of  curves 

tan  A  =  ■£.  (2.7) 

Z  D 

The  angle  between  the  two  sets  of  curves  is  given  by 

tan  A,  -  tan  An 


tan  0  =■ 


1  +   tan  A*  tan 


Aj  tan  A^ 


(2.8) 


1^1 

a  *"  b 


For  0  to  be  90  ,  i.e.,  the  curves  to  be  orthogonal , 

b  =  -^  (2.9) 

a 

and  thus  the  curves  which  are  orthogonal  to  the  given  spirals  may  be 
defined  by 

p  =  e  a  V  t  (2.10) 


Figure  1  The  equiangular  spiral 


2.3  The  Antenna 

To  create  an  antenna  from  the  equiangular  spiral,  consider  a  conductor 
with  edges  defined  by  the  two  curves 

P1  =  k  ea<^'  (2.11) 


and 


P!=l8*6hpi  (2.12) 

where 

-a6 
K  =  e 

The  edges  of  this  conductor  are  identical  curves,  with  one  rotated  through 
the  fixed  angle  8,  with  respect  to  the  other,  as  shown  in  Fig.  2.  This 
rotation  gives  the  arm  a  finite  width. 

Now  consider  a  second  conductor  defined  by 

p3=k /«*>■-«  (2.13) 

and 

P4=kea*-"-6Up3.  (2,14) 

These  two  conductors  constitute  a  balanced  antenna  of  infinite  length. 
To  specify  a  finite  size  structure,  one  fixed  length,  the  arm  length, 
must  be  specified.   Figure  3  is  an  outline  drawing  of  a  practical  antenna. 

It  should  be  noted  at  this  point  that  this  antenna  can  be  completely 
specified  by  the  two  angles,  0'and  6,  the  arm  length,  and  the  size  of  the 
terminal  region. 

This  arm  length  could  be  defined  in  several  ways.  As  used  in  this 
report  it  refers  to  the  spiral  length  along  the  center  line  of  the  arm, 
where  the  center  line  is  defined  by  the  equation 


p-¥"i=  ¥*a*'  <2i5> 


as  in  Fig.  4.   If  the  arm  is  terminated  in  an  arc  of  a  circle  as  in 

\  ^ 
Fig.  4(b),  the  length  along  any  spiral  filament  in  the  arm  is  the  same,  I 

i.e.,  the  length  along  the  outer  curve  up  to  the  circular  arc  is  equal 

to  the  length  along  the  inner  curve  (except  for  a  usually  negligible 

difference  which  will  be  due  to  the  way  in  which  the  spiral  is  terminated 

at  the  center) . 

The  constant  K,  defined  in  Eq.  2.12,  is  a  convenient  measure  of  the 

"angular  width"  of  the  antenna  arm,  the  width  along  the  radius  vector. 

A  practical  balanced  antenna  imposes  a  lower  bound  on  K  if  the  space 

between  the  arms  is  to  remain  open.   Thus  in  Fig.  5,  it  can  be  seen  that 

if 

P2*  e~a6  p1=  K  px  (2.16) 

P4=  KP3  (2.17) 


and 


-alT  n 
P3  =  6    Pl 


it  must  be  specified  that 


and 


P3  <  P2 


—&1T 

e    <    K  <  1.  (2.18) 


,,-ke* 


Arc  of  o  circle  with 
center  at  origin. 


Figure  2  Defining  one  arm  of  an  equiangular  spiral  antenna 
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'gure  3  Outline  drawing  of  antenna 
i 

2MA-r23 

a  =  .35 

K  =  .597 

k  =  .2  inch 
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Pz=KPy 


L   =  .254 


rrv  «w>o)  +  po 


cm,  where  p  and  p  are  in  inches/10 
'  o 


Figure  4  The  arm  length  from  feed  point  to  termination 


Arm  — 
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Curve 
Curve  2 


K 


Pz_     P*_ 

P\    ~~  P* 


Figure  5  The  balanced  spiral 
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2 . 4  Physical  Construction  of  the  Antenna 

The  investigation  with  which  this  report  is  concerned  has  been 
confined  to  the  balanced,  planar,  equiangular  spiral  antenna  with  a 
balanced  feed.   Two  forms  of  this  antenna  have  been  used,  the  plane 
conductor  antenna,  i.e.,  metallic  arms  suspended  in  free  space,  and 
the  slot  antenna,  which  consists  of  spiral  slots  cut  in  a  large  conduct- 
ing sheet .   The  slot  is  the  complement  of  the  plane  conductor  antenna 
and  is  itself  an  equiangular  spiral.   Fig.  6  shows  three  of  the  slot 
antennas  investigated.   The  slot  antennas  are  shown  cut  into  a  14  inch, 
square  of  1/32  inch  copper,  which  is  bolted  into  a  larger  ground  plane. 
The  antennas  were  fabricated  by  plotting  them  on  polar  paper  and  trans- 
ferring these  curves  with  carbon  paper  to  the  sheet  copper.   The  arms 
were  then  cut,  using  fine  blades  in  a  scroll  saw. 

The  slot  antenna  is  a  most  useful  form  because  it  makes  it  possible 
to  feed  the  balanced  structure  in  a  completely  balanced  manner  by  simply 

embedding  the  coaxial  feed  cable  in  the  ground  plane,  or  soldering  it  to 

(5) 
the  ground  plane,  as  shown  in  Figs.  6  and  7,   This  method  of  feed,  which 

might  be  referred  to  as  an  "infinite  balun,"  is  the  only  form  of  balun 
presently  in  use  which  will  permit  the  fullest  use  of  the  infinite  imped' 
ance  and  pattern  bandwidths  of  this  antenna.   The  only  disadvantage  to 
this  type  of  feed  is  that  it  requires  leaving  sufficient  ground  screen 
between  the  slot  arms  to  carry  the  feed  cable.   This  imposes  a  require- 
ment that  the  spiral  be  terminated  at  the  center  in  a  fairly  large  feed 
section,  as  can  be  seen  in  Fig.  6,  if  a  large  coaxial  feed  cable  is 
required.   This  large  feed  section  will  place  an  upper  frequency  limit 
on  the  antenna;  however,  antenna  2M  15-4  in  Fig.  6,  which  is  fed  with 
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RG  87A/U   cable  (a  teflon  dielectric  cable  equivalent  in  size  to  RG  9/U) 
has  good  patterns  as  high  as  3000  mc.   The  other  two  antennas  pictured 
may  be  operated  at  much  higher  frequencies.   This  point  will  be  developed 
more  fully  in  Section  3.4, 

If  the  width  of  the  metal  on  which  the  cable  is  mounted  approaches 
the  diameter  of  the  feed  cable,  it  may  be  necessary  to  mount  a  dummy 
cable  on  the  opposite  arm,  as  has  been  done  in  Fig.  6,  to  maintain  sym- 
metry of  construction  and  to  prevent  tilt  of  the  radiation  pattern. 

Throughout  this  report,  reference  will  be  made  to  the  patterns  or 
characteristics  displayed  by  certain  spiral  antennas.   In  nearly  all 
cases  the  physical  parameters,  which  describe  the  antenna,  will  be  includ- 
ed on  the  appropriate  figure.   In  a  few  cases  the  antenna  may  be  referred 
to  by  a  model  number.  To  facilitate  a  rapid  identification  of  the  antennas 
and  to  provide  a  cross  reference  between  the  model  number  and  the  param- 
eters  a  tabulation  of  these  antennas  is  included  in  Appendix  A. 


•    • 


*         •         9         m  ...   •    « 


Figure  6  Antenna  2M-15  with  modified  feed  sections 
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Figure  7  Enlargement  of  the  terminal  portion  of  antenna 
2M-15-3C 
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III.   THE  RADIATION  PATTERN 

3.1  The  General  Far  Field  Pattern 
3.1a  The  Typical  Pattern 

Using  Equation  2.1,  note  that  if  the  unit  of  length  is 
chosen  as  the  wavelength,  X,  and  if  p  equals  the  radial  coordinate 
measured  in  wavelengths, 


or 


'     0 

ad) 

e   T 

X   ,./     In  Xw 

=     e 

p/=  /<*'-<> 

./        In  X 

where  0    -  — 

^o          a 

(3.1) 


Since  the  electrical  performance  of  the  antenna  depends  only  on  the 

shape  of  the  antenna  measured  in  wavelengths,  the  effect  of  changing 

X  is  equivalent  to  changing  the  angle  (!)   .   This  indicates  that  the 

o 

pattern  of  the  infinite  structure  would  be  independent  of  frequency. 
Within  the  necessary  limitation  imposed  by  the  one  fixed  length,  i.e., 
the  arm  length,  this  has  been  found  to  be  true  for  the  finite  size 
structure. 

The  radiation  patterns  of  more  than  40  spiral  slot  antennas 
have  been  investigated  with  the  parameters  a  and  K  varying, 

.  2<a<1.2      and      .  375"^-  K  <£  .  97. 

Spirals  of  one  half  turn  up  to  three  turns  have  been  constructed.   The 
antenna  patterns  appear  to  be  remarkably,  insensitive  to  these  variations, 
although  there  are  optimum  ranges  of  the  parameters.   Consistently 
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good  patterns  can  be  obtained  with  spirals  of  only  1  1/4  or  1  1/2 
turns  and  one  antenna  constructed  with  only  three-fourths  of  one 
turn  exhibited  very  good  patterns. 

The  antenna  radiates  a  broad  lobe  perpendicular  to  the  plane  of  the 
antenna  over  a  practical  range  of  parameters.   This  radiation  is 
bidirectional  with  equal  beams  radiated  from  the  front  and  the  back  of 
the  structure.   The  beam  is  circularly  polarized  on  its  axis,  over 
the  useable  bandwidth.   There  is  no  basic  tilt  to  the  lobe  of  the 
symmetrical  antenna.   In  some  cases  a  small  amount  of  tilt  was  observed, 
but  this  was  always  traceable  to  a  nonsymmetrical  structure. 

3.1b  Pattern  Bandwidth 

For  frequencies  such  that  the  antenna  arms  are  very  short 
in  terms  of  wavelength,  the  radiated  field  is  linearly  polarized.   As 
the  arm  length  is  increased  (or  frequency  increased)  the  field,  on 
the  axis  perpendicular  to  the  plane  of  the  antenna,  becomes  elliptically 
and  then  circularly  polarized.   Since  there  are  no  distinctive  changes 
in  pattern  shape,  this  change  in  field  polarization  becomes  a  convenient 
criterion  for  specifying  the  cutoff  of  the  pattern  bandwidth. 

The  bandwidth,  as  used  in  this  report,  refers  to  that  band  of 
frequencies  over  which  the  antenna  radiates  a  field  such  that  the 
axial  ratio  of  the  polarization  ellipse  of  the  recorded  voltage 
polarization  pattern,  recorded  on  the  axis  of  the  antenna,  is  less  than 
two  to  one.   The  radiated  field  will  be  considered  circularly  polarized 
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over  this  bandwidth.   Figure  8  is  a  plot  of  the  polarization  of  the 
radiated  field  of  a  typical  antenna  as  a  function  of  frequency. 

The  relationship  of  the  lower; cutoff  frequency  to  antenna 
size  has  been  investigated.   In  general  this  cutoff  frequency  would 
be  a  function  of  the  three  variables,  a,  8,  and  length.   However 
it  is  remarkable  that  all  of  the  measured  values  can  be  represented 
in  terms  of  two  parameters,  the  length  and  the  angular  width 
factor  K.   Note  again  that  K  is  a  function  of  both  a  and  6.   It 
was  found  that  the  lower  cutoff  is  a  function  of  the  arm  length 
and  angular  width,  as  indicated  in  Fig,  9.   Over  the  practical  ranges 
of  a  and  K  tested,  the  bandwidth  appears  to  be  a  function  of  antenna 
diameter  only  insofar  as  the  diameter  is  a  function  of  how  tightly 
the  required  length  is  spiraled.   This  immediately  suggests  that  the 
antenna  be  spiraled  tightly  (i.ef ,  'V'made  small)  if  the  maximum 
bandwidth  is  to  be  obtained  for  a  given  diameter  antenna. 

An  examination  of  Fig.  5  and  the  fact  that  K  is  restricted  to 
the  range  e   <  K  X  I,  indicate  that  a  decrease  in  "a"  raises  the 
lower  bound  on  K,  in  turn  requiring  a  longer  arm  length.   In  addition, 
a  further  restriction  is  imposed  on  K  if  sufficient  ground  screen 
is  left  between  the  slots  to  carry  a  feed  cable.   Thus  there  is  an     \ 
optimum  a  and  K  to  construct  an  antenna  with  the  lowest  cutoff  frequency  I 
in  a  given  diameter. 

The  shape  of  the  termination  of  the  arms  has  little  effect  upon 
the  pattern.  The  arms  were  terminated  along  the  radius  vector,  along 
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the  orthogonal  curve,  and  along  an  arc  of  a  circle  whose  center  is  at 
the  origin  of  the  spiral.   This  latter  termination  has  the  advantage  that 
it  gives  the  greatest  effective  arm  length,  and  hence  the  widest  bandwidth, 
for  a  given  antenna  diameter. 

The  upper  cutoff  of  the  bandwidth  is  a  function  of  the  fineness 
of  construction  of  the  spiral  at  the  feed  point.   Since  the  spiral 
converges  to  a  point,  it  is  necessary  in  a  practical  structure  to 
terminate  the  center  in  a  small  straight  or  tapered  section.   This 
may  be  noted  in  Figs.  3,  6,  and  7.   At  a  frequency  such  that  this 
straight  or  tapered  portion  approaches  a  resonant  length, it  may  be 
expected  to  influence  the  radiated  pattern,  and  in  fact  when  this 
straight  portion  becomes  effectively  a  half  wave  dipole  the  axial  ratio 
of  the  field  has  increased  to  approximately  two  to  one.   The  field 
becomes  elliptically  polarized  for  higher  frequencies,  so  that  this 
specifies  the  upper  cutoff  of  the  pattern  bandwidth. 

Pattern  bandwidths  in  excess  of  20  to  1  have  been  recorded.  J 
This  was  the  useable  limit  of  the  pattern  range  at  this  laboratory. 
There  is  no  indication  that  this  bandwidth  could  not  be  extended 
indefinitely. 

Since  the  upper  and  lower  cutoffs  are  independent,  the  only 
limitation  is  the  required  diameter  in  which  to  spiral  the  necessary 
length,  and  the  chosen  size  of  the  feed  structure. 

All  of  the  radiation  patterns  of  the  slot  antennas  were  recorded 
on  the  12  foot  square  ground  screen  pattern  range  shown  in  Fig.  10. 
The  patterns  are  voltage  plots  and  the  coordinate  system  used  is 
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indicated  in  Fig.  11.   The  spiral  slot  antennas  were  bolted  into  the 
ground  screen  and  fed  as  the  transmitting  antenna.   Four  patterns 
were  recorded  at  each  frequency;  the  crossed  polarization  patterns 
were  recorded  at  the  two  principal  plane  cuts.    Polarization  patterns 
were  obtained  by  positioning  the  receiving  antenna  on  the  axis  of  the 
spiral  antenna  and  rotating  the  latter  structure  in  the  ground  screen. 
Radiation  patterns  of  a  typical  antenna  over  a  20  to  1  bandwidth 
are  shown  in  Figs.  12  and  13.   This  particular  antenna  is  2M-15C  shown 
in  Fig.  6.   The  increments  of  frequency  in  Figs.  12  and  13  may  at  first 
appear  very  large.   However,  there  is  no  sudden  deterioration  of  the 
pattern  or  spots  in  this  bandwidth  when  the  pattern  becomes  appreciably 
changed.   This  point  has  been  carefully  studied  with  many  antennas. 
When  the  first  antenna  was  constructed  and  appeared  to  have  acceptable 
patterns  over  a  remarkably  wide  band  of  frequencies,  complete  sets  of 
patterns  were  taken  at  more  than  20  frequencies  between  1  and  10  kmc 
to  insure  that  there  were  no  holes  or  dead  spots  in  the  band.   As  will 
be  noted  later,  when  the  antenna  parameters  are  extended  to  extremes, 
the  pattern  will  deteriorate,  but  even  then  this  is  a  gradual  and 
easily  observable  change. 
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Figure  8  Polarization,  on  axis,  of  the  radiated  E  field  of  antenna 

2M-15C 
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Figure  10  Ground  screen  pattern  range,  viewed  from  above 
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cut 

(on  axis  of  feed  slot) 


2  nd  arm  is  continued  to  a 
symmetrical  structure. 


4>-0  cut 


Figure  11   Polar  coordinate  system  for  pattern  measurements 
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3.2  Variation  of  Antenna  Parameters 
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Since  the  pattern  of  the  Equiangular  Spiral  Antenna  is  expected 
to  rotate  with  frequency,  a  detailed  study  of  pattern  change  with 
frequency  would  require  a  corresponding  antenna  rotation  for  every 
shift  in  frequency,  (this  point  will  be  fully  developed  in  a  later 
section).   In  most  normal  operations,  the  antenna  will  be  in  a  fixed 
mount,  and  the  pattern  response  with  respect  to  that  fixed  mount  is 
desired.   Hence  the  patterns  in,  the  preceding  section  and  those  in 
this  section  are  displayed  as  a  function  of  frequency,  without  regard 
to  any  pattern  rotation.   As  will  be  shown  in  the  next  section,  this 
accounts  for  most  of  the  apparent  variation  in  the  patterns  over  these 
frequency  ranges. 

Although  the  radiation  patterns  of  the  balanced  spiral  antenna  are 
relatively  insensitive  to  variations  in  parameters,  a  study  of  the 
patterns  indicates  that  the  more  tightly  spiral ed  antennas,  and  the 
antennas  with  wider  arms,  (a  and  K  small),  tend  to  have  smoother  and 
more  uniform  patterns.   This  is  apparent  in  Figs.  14  through  19,  which 
show  patterns  for  antennas  with  a  constant  rate  of  spiral  but  with 
various  arm  widths,  and  in  Figs.  20  through  25  and  Figs.  16  and  17, 
which  show  patterns  for  antennas  with  approximately  a  constant  angular 
width  but  with  a  variation  in  the  rate  of  spiral. 

The  pattern  J'ears"  apparent  on  some  of  the  patterns  become  evident 
for  antennas  with  the  larger  a  and  K  values.   The  ''ears11  on  these 
particular  patterns  do  not  become  deeper,  but  tend  to  slough  off,  and 
slide  down  the  side  of  the  pattern.   However  if  a' and  K  are  allowed  to 
become  much  larger,  the  pattern  does  tend  to  lobe. 
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Figxire   14      Radiation  patterns    of   antenna   2M-18 
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Figure  19     Radiation  Patterns   of  Antenna  2M-22 
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Figure  22  Radiation  patterns  of  antenna  M-5 
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Figure  23   Radiation  patterns  of  antenna  M-5 
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Figure  24     Radiation  patterns   of  antenna   2M-32 
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3.3   Pattern  Beam  Width  and  Pattern  Rotation 

3.3a  Pattern  Rotation 

Any  discussion  of  pattern  beam  width  must  be  prefaced  by 
an  understanding  of  the  manner  in  which  the  radiated  field  rotates 
about  the  axis  of  the  antenna.   It  was  shown  earlier  that  a  change 
in  wavelength  of  operation  is  equivalent  to  merely  reorienting  the 
antenna,  or  shifting  it  through  some  angle  around  the  9=0  axis. 
If  the  radiated  field  were  independent  of  (f),    this  reorientation  would  ) 
leave  the  pattern  unchanged.  ' 

When  viewed  from  different  points  on  the  9  r  90  plane,  the  field 
of  the  practical  structure  may  have  a  beamwidth  which  varies  40  degrees 
or  more.   Thus  if  operation  is  confined  to  a  fixed  frequency,  an  observer 
moving  around  the  antenna  will  note  a  variation  in  beamwidth  such  as 
that  of  curve  A,  Fig.  26.   Since  the  antenna  is  symmetrical,  the 
variation  is  periodic  every  180  degrees.   Now  if  the  observer  remains 
fixed  with  respect  to  the  orientation  of  the  antenna,  and  the  frequency 
of  operation  is  increased,  he  will  observe  this  same  variation  of  beam 
width.   Consequently,  we  see  from  Eq.  3,1  that,  if  the  frequency  of 
operation  is  changed,  the  observer  must  also  move  around  the  antenna 
a  fixed  angular  distance  to  make  the  pattern  he  sees  remain  unchanged. 
An  examination  of  Eq.  3.1  indicates  that  this  angle  may  be  expressed 


as 


0  s  -   In  \ 


o   a 

A^^-lfl^iln-^ .  (3.2) 

Since  there  are  few  distinctive  pattern  changes  with  frequency,  a 
check  of  this  pattern  rotation  must  be  made  by  a  repetition  of  pattern 
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beam  width  at  the  new  frequency.   Figures  26  and  27  indicate  two 

experimental  checks  on  this  rotation.   In  Fig.  26  we  see  that  the 

variation  in  beam  width,  observed  through  a  variation  in  (p   from  0 

to  210  degrees  for  fixed  frequency  operation,  is  repeated  quite  closely 

by  observing  at  a  fixed  angle  (f>,    and  increasing  the  frequency  from 

2472  to  7505  mc.   The  deviation  at  the  low  end  is  traceable  to  some  end 

effect. 

In  Fig.  27  observe  that  the  variation  in  beamwidth  is  held  within 
four  degrees  by  an  antenna  reorientation,  when  the  frequency  was  varied 
from  2  to  5.18  kmc.   This  is  to  be  compared  with  the  variation  of 
approximately  50  degrees  indicated  in  Fig.  26  over  the  same  band  of 
frequencies  without  reorientation. 

Equation  3.2  has  been  plotted  in  Fig,  28  to  facilitate  the 
determination  of  the  rate  of  pattern  rotation  with  frequency  for  some 
representative  spirals. 

3„3b  Pattern  Beamwidth 

It  has  been  shown  that  the  pattern  of  the  antenna  stays 
relatively  constant  with  a  change  in  frequency,  except  for  a  rotation 
which  gives  a  cyclical  variation  in  beamwidth:  for  a  particular 
pattern  cut.   As  will  be  shown  later,  there  is  a  very  rapid  decay  of 
the  near  fields  along  the  antenna  arms.   This  decay  is  approximately 
a  constant  function  of  the  arm  length  expressed  in  wavelengths.   This 
has  the  effect  of  constantly  shortening  the  active  arm  length  as  the 
frequency  is  increased,  resulting  in  an  effective  adjustment  of 
antenna  aperture  size,  even  though  the  physical  aperture  remains  constant, 
This  is  observable  in  Fig.  29,  which  is  a  plot  of  beam  width  versus 
frequency  for  two  polarizations  at  two  pattern  cuts.   There  is  some  end 
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effect  in  evidence  but  no  tendency  for  the  beam  width  to  become  narrower 
with  increased  frequency.  The  antenna  aperture  expressed  in  wavelengths 
appears  constant,  U>  2  $^  U  ^4  A^M** 

The  average  beam  width  is  relatively  insensitive  to  variations  of 
the  antenna  parameters,  but  the  tighter  spiral ed  antennas  and  antennas 
with  wider  arms  tend  to  have  more  uniform  patterns  which  exhibit 
smaller  variations  in  beam  width.   The  beam  width  as  a  function  of  the 
orientation  angle  <p,    for  five  antennas,  is  shown  in  Figs.  30-34,   The 
angular  width  of  the  arm  has  been  held  constant  and  the  parameter,  a, 
varied  from  2.8  to  4.5.   For  each  antenna,  the  beamwidth  was  recorded 
for  30  degree  steps  in  (f>  at  the  frequency  for  which  the  arm  length 
became  four  wavelengths.   These  patterns  should  be  representative 
over  the  main  portion  of  the  pattern  bandwidth\  of  that  antenna.   The 
frequency  was  then  decreased  to  the  lower  cutoff  of  the  pattern 
bandwidth  of  that  antenna  and  the  antenna  rotated  through  a  suitable 
angle  so  that  the  patterns  at  the  two  frequencies  are  comparable, 
except  for  the  end  effect  at  the  lower  frequency. 

It  was  observed  that  the  variation  in  beam  width  is  much  smaller 
in  Figs.  30  and  31.   The  pattern  "ears"  which  are  characteristic  of 
antennas  with  a  loose  spiral  and  rather  narrow  arms  are  in  evidence  in 
Figs.  33  and  34. 
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Figure  26  Rotation  of  radiated  field  with  a  change  in  frequency 
(antenna  M-10-3  slot  length,  33  cm) 


45 


4~--\  (2000  Mc) 

c/>  =  l36°     ^^^Z> 

f  =  ..5 

0 

(£  =  212°    sS^f?^ 

\          /    BW  = 

65°       Ny          / 

\            /   BW  = 

67{°\           / 

f 

-7-=  1.95 
•0 

<£  =  262°    's 

-7-=  2.59 

TO                                                        _ 

c/>  =  316°  ^^/^^ 

\             /    BW  = 

69°     N.               / 

\             y^BW  = 

68°     \.              / 

Figure   27      Patterns   obtained   by    simultaneous   rotation  of   antenna 
and    increase    in   frequency, 
(antenna   M-10) 

rfi  polarization 

46 


.45 
.40 
.35 
.30 

.25 

.20 

.15 

.10 

07 

f 

/ 

/ 

/ 

' 

it  T 

2 

°7 

o/ 

/ 

)  / 

*> 

C 

i  / 

o 

w 

5. 

CO 

o 
o 

1 

o 

^ 

/  11 

^ 

//// 

///// 

ill///// 

2  3  4  5 

Frequency    Ratio    f/fo 


8   9  10 


Figure  28.   Pattern  rotation  for  a  given  change  in  frequency  (N  = 

number  of  revolutions   of   the  pattern*,    N  =  1  when  A<f>  =  77) 
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Figure  30  Pattern  at  a  given  azimuthal  angle  ant.  2M-1GC,  a  =  .28,  K  =  .75 
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Figure  31      Pattern  at   a   given  azimuthal    angle  ant.    M-10,    a  =    .30,    K  =    .75 
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Figure  32   Pattern  vs  azimuthal  angle  ant.  2M-38,    a  =  .35,   K  =  .75 
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Figure  33   Pattern  vs  azimuthal  angle  ant.  2M-21,   a  =  .415,   K  =  .75 
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f  =  1160  Mc 


f=38IOMc       (L=4\) 


Figure   34      Pattern  vs   azimuthal    angle   ant.    2M-32,      a  =    .45,      K  =    .75 
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3.4   Polarization  of  the  Field 

Having  defined  the  pattern  bandwidth  in  terms  of  the  polarization 
of  the  field  on  the  axis  of  the  antenna,  it  is  of  interest  to  determine 
the  polarization  9f  the  field  off  this  axis.   This  was  measured  by 
mounting  the  antenna  in  the  ground  scrrten  of  Fig.  10,  moving  the  boom 
through  successive  steps  of  the  angle  9  and  rotating  the  receiving 
antenna  with  respect  to  the  fixed  spiral.   The  results  for  one  antenna 
are  shown  in  Fig.  35.   This  antenna  becomes  circularly  polarized  on 
axis  at  1000  mc  and  the  bandwidth  extends  somewhere  beyond  12,000  mc. 
Note  that  around  the  center  of  this  band  the  field  is  circularly 
polarized  75  degrees  off  axis,  an  included  angle  of  150  degrees. 
Over  more  than  80%  of  the  band  it  is  circularly  polarized  40  degrees  off 
axis. 

If  the  polarization  of  the  field  very  far  off  axis  is  of  importance 
for  a  specific  application,  it  should  be  investigated  for  the  particular 
antenna  design.   Some  antennas  have  been  investigated  which  exhibit 
a  sudden  rise  in  the  polarization  ratio  when  some  30  or  more  degrees  off 
axis.   The  ratio  rises  above  two  and  then  may  fall  back.   This  is 
usually  detectable  from  the  relative  amplitudes  of  the  crossed 
polarization  patterns,  although  obviously  this  is  not  necessarily  true, 
since  the  polarization  information  depends  on  both  phase  and  amplitude 
of  the  field  components. 
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3.5  Variations  in  the  Basic  Antenna 

3.5a  Designing  for  a  Specific  Band  of  Frequencies 

Many  applications  Will  not  require  the  ultimate  in  antenna 
bandwidth.   A  specific  band  of  frequencies  such  as  1  to  3  kmc  or 
0.3  to  3  kmc  may  be  desired.   It  is  usually  advantageous  to  design 
for  the  upper  cutoff  first.   Thus  the  maximum  length  of  tapered  feed 
slot  may  be  determined.   To  obtain  a  circularly  polarized  field,  as 
previously  defined,  the  feed  slot  should  be  no  greater  than  one  half 
wavelength  at  the  highest  frequency.   Since  all  equiangular  spiral 
curves  converge  to  the  origin,  the  arm  width  becomes  narrower  as  the 
origin  is  approached.   The  feed  slot  is  merely  a  straight  slot  which 
passes  through  the  origin  and  connects  the  opposite  spiral  arm. 
Referring  back  to  Fig.  6  we  see  that  for  any  given  spiral  structure, 
a  longer  feed  slot  causes  the  ground  screen  between  the  slot  arms  to  be 
wider  at  its  narrowest  portion.   If  this  ground  screen  is  to  carry  a 
feed  cable,  thevsize  of  the  cable  will  determine  how  wide  it  must  be 
at  its  narrowest  point.   Thus,  this  required  ground  screen  arm  width, 
together  with  the  chosen  feed  slot  length  will  determine  how  tightly  the 
antenna  arms  may  be  spiral ed.   With  the  rate  of  spiral  chosen,  the 
required  arm  length  necessary  to  meet  the  lower  cutoff  frequency  will 
determine  the  antenna  diameter. 

The  pattern  bandwidth  of  one  antenna  designed  for  an  upper  cutoff 
of  approximately  5000  mc  is  indicated  in  Fig.  36.   The  antenna  was 
arbitrarily  terminated  at  a  10  inch  diameter,  which  gave  an  arm  length 
of  59  cm.   The  measured  bandwidth  is  slightly  greater  than  9  to  1.   A 
recalculation  of  the  tightest  practicable  spiral  with  this  feed  slot 
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and  "  Microdot"  feed  cable  indicates  the  lower  cutoff  of  this  antenna 
could  be  extended  to  approximately  500  mc  in  the  same  diameter,  a 
diameter  of  approximately  0.43X. 

Patterns  of  this  antenna  are  shown  in  Figs.  37  and  38.   Note  that 
beyond  the  upper  cutoff  (r>2)  the  pattern  shape  has  not  deteriorated, 
although  the  field  polarization  ratio  is  rising.   Figure  39  is  an 
enlarged  drawing  of  the  feed  slot  with  dimensions  in  wavelengths  at  upper 
cutoff. 

The  bandwidths  of  the  three  antennas  previously  pictured  in  Fig.  6 
are  shown  in  Fig.  40.   The  three  antennas  are  identical  except  that  the 
feed  slot  is  progressively  enlarged  and  the  antennas  fed  with  corespondingly 
larger  cable.   The  feed  sections  are  drawn  to  full  scale  in  Fig.  41. 
The  patterns  of  antenna  2M15C  were  previously  shown  in  Figs.  12  and  13. 
Those  for  the  other  two  versions  are  pictured  in  Figs.  42  and  43. 

An  inspection  of  Fig.  6  indicates  that  the  minimum  arm  width  on 
antenna  2M-15-4C  could  be  reduced    further  and  carry  the  RG  9/U  size 
cable.   This  would  make  the  feed  slot  shorter  and  extend  the  upper 
frequency  limit.   In  addition,  the  feed  gap,  i.e.,  the  distance  across 
the  feed  slot,  can  be  increased  for  power  handling  purposes  without 
affecting  the  patterns,  as  long  as  it  is  small  compared  to  a  wavelength. 

3.5b  Effect  of  Construction  with  Thick  Arms 

All  of  the  patterns  shown  thus  far  have  been  for  antennas 
cut  into  thin  metal,  1/32  inch  sheet  copper.   The  soldering  of  feed  cable 
onto  the  ground  screen  between  arms  has  the  effect  of  making  the  arms 
thicker,  particularly  as  the  feed  point  is  approached.   Although  thin 
metal  antennas  can  be  used  in  many  applications,  it  may  be  necessary 
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for  structural  reasons  to  construct  the  antenna  of  a  heavier  metal.   It 
becomes  immediately  apparent  that  the  thickness  of  the  arm  introduces  one 
additional  parameter  and  that  this  fixed  dimension  will  place  some 
limitation  upon  the  bandwidth  of  the  antenna.   Antenna  M-5,  which  was 
originally  constructed  of  1/32  inch  copper,  was  modified  as  indicated 
in  Fig.  44  by  adding  1/4  inch  walls  around  the  slot  arms,  simulating  \ 
an  antenna  cut  from  1/4  inch  material,   The  radiation  patterns  in   / 
Fig.  45  show  that,  although  there  is  some  change  in  beamwidth  at  the 
lower  frequencies,  the  patterns  are  useable  up  to  4  or  5  kmc.   Above 
5,000  mc  the  patterns  tended  to  break  up  as  indicated  by  the  pattern  for 
10,000  mc.   These  patterns  are  to  be  compared  with  those  in  Figs.  22  and 
23,  which  are  for  this  antenna  with  no  walls.   The  original  antenna  had 
a  slightly  shorter  arm  length,  which  accounts  for  the  difference  in  the 
polarization  ratio  at  the  lower  frequencies. 

If  the  antenna  had  been  designed  for  a  lower  band  of  frequencies 
it  is  probable  that  a  thickness  of  only  1/4  inch  would  have  had  little 
effect  on  the  radiation  patterns.   A  slightly  wider  feed  gap  would  also 
tend  to  reduce  the  effect  of  the  thick  arms. 
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Figure  39  Dimensions  of  feed  structure  of  2M-28-C  at  upper  cutoff 
of  pattern  bandwidth  (not  to  scale) 
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Figure  42     Radiation  patterns   of  antenna  2M15-3C 
(see  Fig.    41    for  dimensions   of  feed) 
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Figure  44  Antenna  2M-5W 
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IV  THE  NEAR  FIELDS 

4.1  The  Tangential  Field  in  the  Slot  Arms. 

To  gain  a  better  understanding  of  the  operation  of  the  antenna, 
experimental  facilities  were  set  up  to  measure  the  fields  on  the 
antenna  arms.   The  first  attempt  was  to  measure  the  tangential  compo- 
nent of  the  electric  field  in  the  slot  antenna.   A  probe  carriage  was 
constructed  that  would  allow  the  precise  placement  of  a  probe  with 
three  degrees  of  freedom,  at  any  point  within  a  12  inch  square  and  at 
any  point  within  six  inches  of  the  plane  of  the  square.   The  carriage 
was  constructed  to  carry  several  different  types  of  probes  which  would 
protrude  through  a  four  inch  thick  section  of  hair  absorbing  material. 
A  .14  inch  dipole  probe  was  constructed,  fed  with  miniature  rigid  wall 
coaxial  cable  and  a  split  drum  balun.   The  dipole  was  checked  by  probing 
the  fields  immediately  in  front  and  just  inside  an  open-end  waveguide. 
The  guide  was  constructed  to  be  3/8  inch  by  2  3/4  inch  and  was  fed  from 
normal  S  band  guide  through  a  tapered  section.   The  probe  was  positioned 
1/4  inch  inside  the  guide  mouth  and  rotated, and  the  relative  amplitude 
as  a  function  of  angle  was  recorded.   It  was  then  withdrawn  in  1/4  inch 
steps  and  this  procedure  repeated  for  five  steps.   The  minimum  and  maxi- 
mum probe  response  was  at  all  times  within  three  degrees  of  the  expected 
probe  orientations  and  the  minimum  response  was  greater  than  40  db  below 
the  maximum. 

To  allow  a  precise  and  repeatable  placement  of  the  probe  along  the 
arms,  the  desired  positions  were  calculated  and  plotted  on  thin  polar 
graph  paper,  which  was  then  lightly  stuck  to  the  face  of  the  antenna. 
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The  antenna  was  bolted  into  a  five  foot  square  ground  screen-   The 
probe  was  positioned  at  the  surface  of  the  slot  and  rotated  for  maxi- 
mum response.   Figure  46  is  a  block  diagram  of  the  equipment,  and  the 
amplitude  and  probe  orientation,  as  recorded  along  the  arm  for  four 
frequencies,  is  indicated  in  Fig.  47. 

These  curves  confirmed  several  things  which  had  been  observed  in 
pattern  and  impedance  measurements.   The  decay  of  the  fields  along  the 
arms  is  very  rapid.   Further,  this  decay  is  essentially  independent  of 
frequency.   It  is  also  interesting  to  note  that  the  reflected  wave  is 
small  in  magnitude  and  quickly  damped. 

Figures  48-51  are  full  size  outline  drawings  of  one  arm  of  the 
antenna,  showing  probe  points  and  the  probe  orientation  for  maximum 
response. 

The  probe  orientation  did  not  coincide  with  the  anticipated  direction j 
of  the  electric  field,  i.e.,  along  the  orthogonal  curve,  and  since  the 
direction  of  the  electric  field  in  the  slots  of  the  infinite  length  antenna 
was  of  interest,  a  new  and  larger  antenna  was  constructed.   Antenna  2MA-15C 
was  extended  to  an  arm  length  of  280  cm,  a  diameter  of  54  inches.   The 
arms  were  cut  out  of  1/32  inch  copper  and  mounted  on  a  polyfoam  support. 
The  antenna  was  fed  with  a  balun  perpendicular  to  the  plane  of  the  antenna. 
Since  the  larger  antenna  would  permit  making  the  measurements  at  a  lower 
frequency,  a  new  and  larger  dipole  probe  was  constructed.   This  increase 
in  probe  size  made  possible  more  accurate  construction. 

Figures  52  through  55  are  full  size  drawings  of  the  probe  paths, 
showing  the  required  orientation  of  the  dipole  for  maximum  response. 
The  orientation  of  the  probe  in  the  center  of  the  slot  corresponds  to 


70 

that  in  Figs.  48  through  51,  indicating  that  the  displacement  of  the 
field  from  the  orthogonal  curve  was  not  entirely  due  to  the  end  effect 
of  the  shorter  antenna.   The  tangential  electric  field  in  the  slot  does 
not  appear  to  be  oriented  along  the  orthogonal  curve  and  the  deviation 
from  this  curve  increases  as  the  distance  out  along  the  slot  away  from 
the  feed  point  is  increased. 


71 


Ground   Screen 


HP  415  A 
SWA 


Figure  46  Experimental  setup  for  measuring  electric  field  in  slot  arms 
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Figure  48  Probe  points  and  orientation  of  dipole  probe  for  maximum, 
(probe  not  to  scale) 

ant.  2M-10,     f  =  1000  mc 
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Figure  49  Probe,  points  and  orientation  of  probe  for  maximum, 
(probe  not  to  scale) 

ant.  2M-10,     f  =  1500  mc 
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Figure  50  Probe  points  and  orientation  of  probe  for  maximum, 
(probe  not  to  scale) 

ant.  2M-10,    f  =  2000  mc 
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Figure  51   Probe  points  and  orientation  of  probe  for  maximum 
(probe  not  to  scale) 

ant.  2M-10,      f  =  2500  mc. 
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Figure  52  Orientation  of  probe  for  maximum  response,  1.31\ 
from  feed 
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Figure  53  Orientation  of  probe  for  maximum  response,  1„53\  from  feed. 
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Figure  54  Orientation  of  probe  for  maximum  response,  2„Q9\ 
from  feed 
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Figure  55   Orientation  of  probe  for  maximum  response,  3.58X 
from  feed. 
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4.2  The  Normal  Field  on  the  Arms. 

4.2a  General  Considerations . and  Theory  of  Measurement 

It  appeared  desirable  to  continue  the  study  of  the  near  fields  by 
measurements  of  the  normal  component  of  the  electric  field  on  the  sur- 
face of  the  plane  conductor  form  of  the  antenna.   This  component  can  be 
measured  by  an  open-end  coaxial  probe,  which  can  be  constructed  much 
more  accurately  than  a  very  small  dipole  and  balun.   Therefore  the 
antenna  was  constructed  with  1/32  inch  copper  arms  mounted  on  a  two 
inch  thick  slab  of  "Styrafoam".   It  was  fed  with  a  balun  brought  out 
perpendicular  to  the  plane  of  the  antenna  and  was  positioned  approxi- 
mately 50  cm  in  front  of  a  10  inch  thick  absorbing  screen.   The  probe 
consisted  of  a  rigid  coaxial  line  constructed  by  pushing  the  center 
conductor  and  teflon  dielectric  from  RG  141 /U  cable  into  a  .140  inch 
outside  diameter  silver  tube. 

As  before,  the  probe  points  were  plottedi  on  polar  paper  which  was 
fixed  to  the  surface  of  the  arms.   The  probe  was  again  connected  by  a 
flexible  coaxial  cable  to  a  tuner  and  coaxial  bolometer  mount  and  the 
output  read  on  a  standing  wave  amplifier.   The  cable  was  carefully 
selected  from  one  of  several  for  minimum  amplitude  and  phase  variation 
with  flexing,  and  the  amplifier  spot-calibrated  with  fixed  attenuators 
of  known  accuracy.   Figure  56  is  a  block  diagram  of  the  equipment  as 
used  for  amplitude  measurements. 

The  relative  phase  of  fields  along  the  arms  was  measured  by  the  I 

use  of  a  balanced  detection  method.   A  coaxial  hybrid  junction  was 

(9) 
constructed  following  that  proposed  by  Morita  and  Sheingold    and 

used  in  the  circuit  of  Fig.  57.   Fundamentally  the  method  consists 
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of  putting  a  reference  signal  into  the  series  arm  (4)  and  the  signal  to 
be  measured  into  the  shunt  arm  (3)  of  a  hybrid  junction.   The  vector 
sum  of  these  signals  is  impressed  across  the  load  connected  to  output 
no.  1  and  the  vector  difference  across  the  load    connected  to  output 
no,  2  of  the  junction.   A  balanced  input  adapter  was  constructed  to  pro- 
vide proper  bias  for  the  bolometers  and  to  take  the  difference  of  the 
signals  from  the  hybrid  junction.   When  the  reference  signal  is  adjusted 
to  be  90  degrees  out  of  phase  with  the  test  signal,  a  sharp  null  is 
observed.  A  study  of  Fig.  58  indicates  one  advantage  of  this  method; 
it  provides  a  good  null  for  considerably  different  amplitudes  of  the 
test  and  reference  signal.   The  method  which  requires  the  addition  of  a 
reference  signal  180  out  of  phase  with  the  test  signal  requires  approxi- 
mately equal  amplitude  signals  for  an  easily  measured  null,  since  the 
null  becomes  increasing  broad  as  the  difference  between  the  signals 
increases.   This  requires  a  variable  attenuator  carefully  calibrated 
for  both  amplitude  and  phase. 

4„2b  Adjustment  of  Equipment 

Barretters  1  and  2  are  tuned  by  breaking  the  circuit  of  Fig.  57  at 
C  and  at  D  and  applying  a  modulated  RF  signal  to  each  barretter  in  turn. 
Resistance  R  is  turned  so  as  to  remove  its  resistance  from  the  circuit 
to  the  barretter  in  use,  and  the  tuners  are  adjusted  for  maximum  output 
on  the  tuned  amplifier.   The  outputs  of  the  detectors  were  within  1  db 
of  each  other.   Points  C  and  D  are  reconnected  and  the  circuit  broken 
at  points  A  and  B.   Point  A  was  connected  to  input  no.  3  and  a  tunable 
detector  and  tuned  amplifier  were  connected  to  B.   Thus  any  signal  leak- 
ing through  the  hybrid  junction  from  4  to  3  is  modulated;  detected,  and 
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indicated  on  the  amplifier.   The  tuner  "t"  is  adjusted  for  minimum  leak- 
through.   It  is  not  difficult  to  get  60  or  70  db  of  decoupling  between 

the  two  junction  terminals,  although  the  decoupling  is  very  sensitive 

(8) 
to  the  balance  of  the  loads  connected  to  terminals  1  and  2.   Mc  Coy 

has  estimated  that  as  long  as  the  null  is  maintained  down  70  db,  a 

conservative  estimate  of  error  due  to  leak-through  is  about  one  per  cent. 

After  nulling  the  hybrid  junction  points  A  and  B  are  disconnected, 
a  50  ohm  load  is  connected  to  terminal  3  and  the  oscillator  is  modulated 
at  1000  cycles.   Resistor  R  is  adjusted  for  a  minimum  output  on  the 
amplifier.   The  system  is  reconnected  as  shown  in  Fig.  57  and  is  ready 
for  measurements . 

For  measurements,  the  probe  signal  is  modulated  rather  than  the 

oscillator  signal,  since  this  imposes  fewer  requirements  on  the  audio 

(8) 
null  obtained  at  R.     Even  though  the  unmodulated  reference  signal , 

which  may  be  large  compared  to  the  probe  signal ,  is  present  at  the 

detectors,  the  result  is  only  a  DC  input  to  the  transformer.   The  only 

error  due  to  the  reference  signal  will  be  due  to  that  leaked  through 

the  hybrid  junction  and  this  is  reduced  by  a  null  of  potentiometer  R. 

The  probe  is  positioned  at  a  chosen  point  and  the  reference  signal 

varied  in  phase  until  a  null  is  obtained.   This  is  repeated  along  the 

arm,  giving  the  relative  phase  on  the  antenna  in  terms  of  the  known 

phase  in  the  slotted  line.   The  system,  exclusive  of  the  probe,  was 

checked  by  measuring  the  phase  along  a  different  slotted  section.   The 

variation  from  a  straight  line  was  entirely  negligible.   The  probe  was 

checked  by  constructing  one  which  had  one-third  the  original  diameter 

and  the  results  were  negligibly  different;  however  the  useable  amplitude 

range  was  decreased. 
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4.2c  Measured  Fields 

The  normal  field  on  one  antenna  was  measured  at  12  frequencies 
from  125  mc  to  8000  mc .   This  represented  a  variation  in  length  from 
0,16  to  over  10  wavelengths.   The  measurements  at  lengths  of  .3\    and 
shorter  revealed  too  much  reflection  from  the  arm  end  to  be  of  use  in 
establishing  a  trend.   However,  it  is  significant  to  note  that  for  an 
arm  length  of  only  one-half  wavelength,  the  trend  of  the  normal  rate 
of  decay  is  discernable.   The  rather  large  reflection  from  the  end 
quickly  dies  out,  as  it  does  for  longer  lengths.   Figures  59  and  60 
show  the  trend  of  the  decay  of  the  normal  fields  for  frequencies  up  to 
2500  mc.   Above  this  frequency  there  was  no  great  change  in  this  trend, 
but  it  was  felt  that  the  size  of  the  probe  in  wavelengths  would  leave 
the  measurements  open  to  question. 

Figures  61  and  62  depict  the  near  fields  as  a  function  of  arm 
length  on  a  narrower  arm  antenna. 

Several  conclusions  can  be  drawn  from  these  graphs.   As  was  evident 
in  the  previous  curves  of  the  tangential  field  in  the  slot,  reflected 
waves  from  the  antenna  end  are  soon  dissipated.   The  fields  on  the 
antennas  with  the  narrow  arms  tend  to  decay  at  a  somewhat  slower  rate 
and  it  appears  to  take  longer  for  the  reflected  wave  to  die  out.   This 
was  evident  in  the  radiation  patterns,  where  it  was  noted  that  the  antennas 
with  narrower  arms  required  a  slightly  longer  arm  length  for  stabilized 
patterns . 

Figure  63  indicates  the  relative  amplitude  of  the  normal  field 
along  antenna  2MA-15  when  it  was  2.5  \   in  length  and  when  extended  to 
18.7,3.  (the  54  inch  diameter  antenna  referred  to  in  the  previous  section). 
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Figures  64  and  65  show  the  relative  phase  of  the  fields  along  the  arm 
under  these  two  conditions.   Figure  64  indicates  two  items  of  interest: 

(1)  The  fast  initial  decay  of  the  fields  along  the  arms  appears  to  slow 
down  as  the  arms  become  wider  in  wavelengths.   This  point  was  evident 

in  the  previous  figures  and  particularly  in  Fig.  47. 

(2)  The  average  phase  velocity  over  the  first  three  wavelengths 
approaches  a  v/c  ratio  of  approximately  1.7,  indicating  a  fast  wave 
which  is  consistent  with  the  rapid  dissipation  of  energy  by  radiation. 
The  v/c  ratio  of  the  short  antenna  appears  to  be  lower,  although  still 
greater  than  one. 

Figures  66  and  67  indicate  the  relative  phase  of  the  fields  along 
a  narrower  armed  antenna  at  two  frequencies. 

The  relative  amplitude  and  phase  was  measured  along  the  inside  and 
outside  of  the  antenna  arms  and  along  several  spiral  paths  along  the  arm, 
These  measurements  have  been  combined  into  a  full  scale  map  of  equal 
amplitude  and  phase  contours  along  the  antenna  arm  in  Figs.  68  and  69. 
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Figure   68     Contours   of   equal    amplitude  of  E„T  field  with  reference  to 

N 
points  marked  by  x^ant   2  MA-15 
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Figure  69  Contours  of  equal  phase  of  E  field  on  ant.  2  MA-15 
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4.3  Estimation  of  Error 

The  errors  introduced  by  the  sampling  probe  have  been  discussed  in 

11 
the  literature.   The  checks  made  on  the  dipole  probes,  the  coaxial  probe, 

and  the  phase  measuring  setup  have  been  discussed  in  Sections  4.1  and  4.2. 
The  largest  source  of  error  appeared  to  be  due  to  the  reflection  of  energy 
by  the  absorber-covered  probe  carriage.   It  is  extremely  difficult  to 
probe  a  circularly  polarized  radiating  source,  and  it  was  found  that  the 
antenna  was  inducing  currents  on  the  outside  of  the  coaxial  probe.   These 
fields  apparently  propagated  down  the  probe  to  the  carriage,  were  reflected 
back,  and  returned  to  the  antenna  to  distort  the  original  field.   This 
effect  was  small  near  the  feed  point  because  of  the  strength  of  the 
original  field,  but  became  apparent  when  the  probe  was  moved  out  along 
the  arm  to  the  point  where  these  original  fields  were  down  25  to  30  db. 
A  one  quarter  wavelength  movement  of  the  probe  carriage  toward  the  antenna, 
without  changing  the  position  of  the  probe  itself,  produced  changes  of  as 
much  as  5  and  10  db  in  the  measured  fields.   This  was  extremely  difficult 
to  overcome  but  was  minimized  by  moving  the  carriage  to  a  distance  of 
approximately  49  inches  from  the  antenna,  monitoring  the  reflection  coef- 
ficient of  the  spiral  antenna,  and  placing  a  quarter-wave  choke  on  the 
rigid  wall  coaxial  probe.   This  choke  was  positioned  along  the  probe  until 
the  carriage  could  be  moved  through  ?/4   without  introducing  a  substantial 
change  in  the  monitored  field. 

It  is  estimated  that  the  measured  fields  are  within  10%  for  the 
first  20  or  25  db  of  decay  and  within  207o  farther  out  on  the  arms. 
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V.   THE  INPUT  IMPEDANCE 

The  input  impedance  of  the  planar  balanced  equiangular  slot 
antenna  converges  rapidly  as  the  frequency  is  increased.   For 
frequencies  such  that  the  arm  lengths  are  greater  than  one  wavelength, 
or  slightly  less,  the  impedance  remains  reasonably  constant.   The 
measured  impedance  of  three  typical  antennas  is  shown  in  Figs.  70,  71, 
and  72.   These  antennas  were  constructed  of  1/32  inch  copper  with  a 
.150  inch  diameter  coaxial  cable  (RG141/U)  bonded  to  the  ground  screen 
between  the  slot  arms.  An  inspection  of  these  three  impedance  plots 
indicates  that  there  is  a  relationship  between  the  arm  width  and  the 
impedance,  i.e.,  the  narrower  slot  arms  present  a  lower  input  impedance. 
This  relationship  is  shown  graphically  in  Fig.  73.   This  curve  is  only 
an  approximation  to  the  impedance,  since  variations  in  the  physical 
construction  of  the  antenna  will  bring  about  changes  in  the  input  impedance. 

From  the  symmetry  of  the  structure  the  characteristic  impedance  is 
known  for  one  width  of  arm.   It  is  easy  to  show  that  for  5  =  7T/2  the 
antenna  arms  and  the  space  between  the  arms  are  identical  in  shape;  thus 

the  antenna  is  identical  to  its  complement  and  its  impedance  is  independent 

<7) 
of  frequency  and  equal  to  607T  =  189  ohms.    The  antenna  of  finite  thick- 
ness does  not  have  a  uniform  characteristic  impedance  (since  it  is  a  non- 
uniform transmission  line)  but  the  input  impedance  does  settle  down  to 
a  reasonably  constant  value  for  relatively  thin  antennas. 

It  is  of  interest  to  note  that  the  characteristic  impedance  of  a 
transmission  line  which  is  carrying  a  wave  in  the  TEM  mode  can  be  shown 
to  be  inversely  proportional  to  the  capacitance  per  unit  length.   While 
it  appears  that  there  may  not  be  propagation  of  energy  in  the  normal  TEM 
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mode  along  the  spiral,  the  antenna  behaves  in  many  respects  as  if  this 
were  true. 

Thus  any  finite  antenna  thickness  would  increase  the  capacitance 
between  the  arms  and  decrease  the  measured  impedance.   The  measured 
impedance  of  the  antennas  tested  is  considerably  below  the  theoretical 
impedance  of  an  infinitely  thin  antenna,  due  in  part  to  the  thickness 
of  the  metal  and  the  presence  of  the  feed  cable. 

The  measured  impedances  on  which  Fig.  73  is  based  were  for  antennas 
constructed  of  1/32  copper,  with  k  =  .2  inch,  with  a  feed  cable  equivalent 
to  RG  58 AT,  and  without  a  dummy  cable  on  the  opposite  arm  of  the  ground 
screen.   The  use  of  a  dummy  cable  of  this  size  will  lower  the  measured 
impedance  approximately  10%. 

The  input  impedance  of  the  antenna  can  be  lowered  still  further  by 
increasing  the  thickness  of  the  metal.   This  will  be  -done  at  the  expense 
of  some  pattern  bandwidth,  as  was  indicated  in  Fig.  45.   Increasing  the 
thickness  of  the  arms  of  antenna  2M-5  to  one -fourth  inch  lowered  the 
measured  impedance  from  approximately  57  or  60  ohms  to  approximately  38 
ohms . 

The  use  of  a  miniature  cable  such  as  "Microdot'"  lowers  the  capacitance 
between  the  arms  and  raises  the  measured  impedance  by  approximately  20%. 
The  effect  of  the  feed  cable  is  evident  in  Fig.  74.   Antenna  2M-10  was 
originally  constructed  with  feed  cable  and  with  a  dummy  cable  of  RG  141 /U 
on  the  opposite  arm  of  the  ground  plane  to  balance  the  structure.   The 
standing  wave  ratio  as  a  function  of  frequency  was  recorded.   The  dummy 
cable  was  removed  and  the  measurements  were  repeated.   The  feed  cable 
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was  removed  and  the  "Microdot"  cable  substituted  and  again  the  measure- 
ments were  repeated.   The  structure  of  the  antenna  itself  was  not  altered. 
The  antenna  fed  with  the  "Microdot"  cable  presents  not  only  a  higher 
average  standing  wave  ratio  but  also  considerably  greater  variations  in  the 
standing  wave  ratio.   The  latter  effect  may  be  due  to  irregularities  in  the 
miniature  line  after  soldering  it  to  the  ground  screen. 

The  standing  wave  ratios  of  several  antennas  whose  radiation  patterns 
have  been  shown  are  illustrated  in  Figs.  75,  76,  and  77. 


104 


Figure  70   Input  impedance  of  slot  antenna  2M-8 
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Figure  Tl   Input  impedance  of  slot  antenna  2M-10 


a  =  .30   arm  1  =  42.3 

K  =  =75 
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Figure  72   Input  impedance  o:f  slot  antenna  2M-15 


a  -  . 30  Arm  1  =  39  cm 

E  =  .62 


Ic 


r1 


£ 


/? 


107 


140 

1    ' 

120 

l  \pyi 

/>,  =  ke°9 

\y\ rz 

Pz'?P\ 

100 

d> 
u 

o    80 

TJ 
fl> 

o. 
E 

*.    SO 

o. 

c 

40 

20 

0 

.5 


.6 


1.0 


K 


Figure  73   Input  impedance  of  balanced,  planar  slot  antennas 
(constructed  of  1/32"  copper  with  .150"  coaxial 
cable  bonded  to  screen  between  the  slot  arras) 
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VI.   EFFICIENCY  OF  THE  BASIC  ANTENNA 
6.1   Method  of  Measurement 

The  efficiency  of  the  basic  antenna  was  measured  by  a  method  which 
makes  use  of  antennas  constructed  of  different  surface  resistivities.   The 
basic  antenna  is  considered  to  be  the  metal  structure,  consisting  of 
slots  in  a  metal  plane  or  metal  arms  in  free  space,  without  lossy 
dielectric  material  or  any  type  of  cavity  backing. 

The  principle  of  this  method,  which  was  proposed  by  Crowley  in 

(10) 
1953,     is  to  supplement  the  antenna  whose  efficiency  is  to  be  measured 

with  another  antenna,  identical  in  every  respect  except  that  it  is 

constructed  of  a  metal  with  a  different  conductivity.   The  method  and 

the  problems  encountered  in  its  use  will  be  considered  in  some  detail, 

because,  although  it  appears  to  be  no  more  difficult  than  any  of  the 

other  accepted'  methods  of  measuring  efficiency,  it  has  certain  advantages 

over  some  of  these  methods. 

Let  quantities  pertaining  to  the  given  antenna  be  denoted  by 

superscript  one  and  those  to  the  supplemental  antenna  by  two.   Then 


and 

PR2  +  PL2  =  PI2  (62) 

where  P  is  the  power  radiated,  P   the  power  lost,  and  P   the  power 
R  LI 

input  to  the  respective  antennas. 
If 

K!  "  PR1/PR2 

K2  *  "l1^!2 
K3  "  PL1/PL2 
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the  efficiency  of  the  given  antenna  may  be  expressed  as 

K3 

2 

E  = 

A  similar  expression  can  be  obtained  for  antenna  two. 

To  simplify  the  measurement  of  K  ,  KQ,  and  K  ,  it  is  assumed  that 
the  currents  are  distributed  over  the  surface  of  antenna  1  in  the  same 
manner  as  over  the  surface  of  antenna  2.   As  Crowley  points  out,  there 
are  two  things  that  could  invalidate  this  assumption.   The  antennas 
may  not  be  physically  identical  and  the  different  surface  resistivities 
may  force  the  currents  into  a  different  distribution.   If  the  first 
cannot  be  eliminated  by  careful  construction,  every  antenna  constructed 
will  have  a  different  efficiency,  so  that  another  method  is  required. 
The  second  may  be  reduced  by  the  choice  of  surface  resistivities  used. 

If  the  assumption  is  correct,  the  radiation  patterns  of  the  two 
antennas  are  identical  and  K.  may  be  made  equal  to  one  by  placing  a 
fixed  receiving  antenna  in  the  field  of  the  antennas  being  tested  and 
adjusting  the  power  input  to  the  two  antennas  until  equal  received 
voltages  are:  indicated.   Since  the  currents  are  assumed  to  have  the 
same  distribution,  this  adjustment  for  equal  field  strength  makes 
the  absolute  value  of  the  current  the  same  at  corresponding  points  on 
the  two  antennas,  and  thus 


K„  =   l 


1   JlVS 


ds 


'   PL2   J,'1!'**.- 


or 

r 


K  =  —  =  R 
3    r2 
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where  R  is  the  ratio  of  the  surface  resistivity  of  antenna  1  to  that 

of  antenna  2, 

KQ  can  be  obtained  by  using  a  slotted  section  in  the  feed  line 

to  the  antennas,  since  in  this  feed  line  the  product  of  the  voltage 

maximum  and  the  voltage  minimum  is  proportional  to  the  power  absorbed 

by  the  load. 

Hence 

(E    E  ,  ), 
max  min  1 
K_  — 


2    (E    E  ,  )_ 

max  min  2 


One  of  the  advantages  of  this  method  is  that,  once  the  ratio  R  is 
obtained,  it  is  a  simple  matter  to  measure  the  efficiency  over  a  wide 
range  of  frequencies,  since  only  K  need  be  determined  at  these  frequencies, 
A  second  advantage  is  that  it  may  be  carried  out  in  the  laboratory,  since 
reflections  will  not  affect  the  measurements,  providing  they  are  not 
great  enough  to  change  the  efficiency. 
6.2  The  Experimental  Investigation 

6.2a  Measurement  of  Surface  Resistivity 

The  ratio  of  the  surface  resistivities  of  the  two  metals 
was  obtained  by  constructing  two  lengths  of  shorted  coaxial  lines, 
using  the  two  metals  from  which  the  antennas  were  to  be  constructed. 
This  statement  needs  some  qualification.   It  did  not  appear  to  be 
practical  to  construct  a  coaxial  line  from  the  sheet  stock  that  was 
used  for  the  antenna,  so  commercial  cold  drawn  tubing  was  used  for  the 
lines  and  cold  rolled  sheet  for  the  antenna.   Although,  so  far  as 
possible  the  same  metal  was  obtained,  the  finishing,  (drawing  and  rolling) 
may  leave  the  metal  with  slightly  different  surfaces,  and  hence 
resistivities.   As  will  be  noted  later  this  difference  may  be  expected 
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to  give  only  a  second  order  error. 

It  can  be  easily  shown  that  the  surface  resistivity  of  the  metal  is 
directly  proportional  to  the  attenuation  in  the  air  dielectric  coaxial 
line  and  that  the  attenuation  of  a  shorted  line  is  inversely  proportional 
to  the  standing  wave  ratio  on  the  line.   With  this  in  mind  it  is 
obvious  that  the  R  and  hence  K_  can  be  obtained  from  the  ratio  of  the 
standing  wave  ratios  on  the  lines. 

The  first  attempt  at  measuring  R  was  to  construct  three  coaxial 
lines,  67  cm  in  length,  of  steel.   The  SWR  and  attenuation  were  measured 
at  several  frequencies  between  1000  and  2000  mc.   Figure  78  is  a  block 
diagram  of  the  equipment  used  for  these  measurements.   It  should  be 
noted  that,  in  theory,  the  surface  resistivity  need  only  be  obtained  at 
one  frequency;  however,  as  a  check  on  the  measuring  procedure  and  to 
reduce  the  experimental  error  that  may  appear  in  that  one  reading, 
the  SWR  was  measured  over  a  band  of  frequencies.   The  theoretical 
variation  of  the  SWR  with  frequency  was  calculated  and  this  curve 
normalized  to  the  measured  data.   Values  used  to  calculate  R  were 
obtained  from  the  normalized  curves.   After  measuring  the  standing  wave 
ratio  of  the  steel  lines,  the  lines  were  silver  plated  and  the  measurements 
repeated.   One  steel  line  and  that  same  line,  silver  plated,  constituted 
one  pair  of  lines  for  calculating  the  ratio  of  surface  resistivities  of 
steel  and  silver  plated  steel.   The  three  separate  steel  lines  were 
used  to  check  on  the  plating  process  as  well  as  on  the  measurements. 
The  use  of  steel  and  silver  plated  lines  was  an  attempt  to  have  identical 
lines,  aside  from  the  negligible  change  in  dimensions  due  to  plating. 
The  measurements  of  the  attenuation  of  the  three  silver  plated  lines 
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indicated  a  variation  of  as  much  as  25%  in  the  surface  resistivity  of  the 
plated  metals.   However  this  variation  in  the  silver  plated  lines 
caused  a  variation  of  less  than  1%  in  measured  efficiency  of  the  silver 
plated  antenna.   This  would  suggest  that  any  difference  in  surface 
resistivity  between  the  tube  stock  and  the  sheet  stock  of  the  same 
metal  would  be  very  small  in  comparison  with  the  difference  between 
metals. 

Figure  79  indicates  the  agreement  of  calculated  and  measured 
values  of  SWR  as  a  function  of  frequency  for  one  pair  of  lines. 

In  addition  to  the  silver  plated  lines  and  antenna,  two  brass 
lines  and  a  brass  antenna,  and  a  copper  line  and  antenna  were 
constructed „   The  measurements  were  repeated,  pairing  the  steel  antenna 
with  another  metal  antenna  in  each  instance. 

6.2b  The  Ratio  of  Power  Inputs 

K,  the  ratio  of  the  power  fed  into  the  two  antennas  with 
the  radiated  power  held  constant,  was  obtained  with  the  equipment 
shown  in  Fig„  80.   Plane  conductor  antennas  were  constructed  with  arms 
of  1/32  inch  material  mounted  on  two  inches  of   Styrafoam   .   The 
antenna  was  fed  by  a  .140  inch  teflon  dielectric  cable  and  a  balun 
perpendicular  to  the  plane  of  the  antenna.   The  probe  antenna 
consisted  of  a  small  dipole  supported  on  a  block  of  foam. 

The  power  input  to  antenna  1  was  adjusted  to  some  reference 
value  as  read  on, the  meter  monitoring  the  probe.   The  maximum  and 
minimum  values  of  the  voltage  in  the  slotted  line  were  obtained. 
The  antenna  arms  were  unsoldered  from  the  balun  and  arms  of  the  second 
antenna  substituted.   New  voltages  were  obtained  from  the  slotted  line 
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after  the  power  input  had  been  adjusted  to  make  the  radiated  power  equal 
to  that  of  the  first  antenna.   K  is  obtained  from  the  voltage  ratio. 
6.2c  A  Check  on  the  Current  Distributions 

The  radiation  patterns  of  the  steel,  brass,  and  silver-plated 
antennas  mounted  on  the  foam  support  were  recorded.   There  was  a 
difference  in  pattern  level,  indicating  a  difference  in  efficiency 
but  no  change  in  pattern  shape.   It  is  recognized  that  the  far  field 
pattern  may  be  insensitive  to  small  changes  in  the  current  distribution, 
but  the  patterns  should  provide  some  check  on  the  distributions  over 
the  different  antennas. 

6. 2d  Measured  Efficiency 

The  measured  efficiency  of  this  antenna  (2MA-15  )  at  1200  mc 
is  indicated  in  Table  1  below. 

Table  1.   Comparison  of  Measured  Efficiencies  using  Different  Metals. 

Brass                  Silverplate             OFHC  Copper  Steel 

98%  90% 

98%  92% 

99%  98% 

The  9%  variation  in  the  measured  values  for  the  steel  antenna  is 
considered  to  be  acceptable  in  view  of  the  fact  that  any  measurement 
of  efficiency  is  a  difficult  measurement  and  cannot  be  expected  to  be 
any  closer  than  10%  to  the  actual  value. 

The  efficiency  of  the  brass  antenna  was  measured  over  a  range 
of  frequencies  such  that  the  arm  length  varied  from  .4  to  2.55 
wavelengths.   These  measurements  are  shown  in  Fig.  81.   For  an  arm 
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length  of  .4  wavelength,  which  is  shorter  than  the  antenna  which  will 
be  used,  the  efficiency  is  above  95%.   It  rapidly  rises  to  more  than 
98%  for  all  practical  lengths. 

To  determine  whether  this  efficiency  would  deteriorate  when  the 
arm  width  was  reduced,  the  measurements  were  repeated  on  an  antenna 
constructed  with  the  same  rate  of  spiral  but  narrower  arms.   The 
efficiency  of  this  antenna  was  measured  at  3200  mc  and  there  was 
no  appreciable  difference  from  that  indicated  for  the  original  antenna. 
The  arm  widths  of  the  antennas  are  indicated  in  Fig.  82. 
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Figure  79     Standing  wave  ratio  measured  on  one  pair  of   shorted 
coaxial  lines. 
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Figure  82     Line  drawing  of   one  arm  of   the  balanced  antennas  used  for  efficiency 
measurements. 
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VII.   THE  CAVITY  BACKED  ANTENNA 

7.1  Efforts  Toward  a  Unidirectional  Antenna 

The  primary  objective  of  the  present  investigation  was  to  study 
the  characteristics  of  the  basic  antenna — the  antenna  without  lossy 
dielectrics,  cavity  backing,  or  other  modifications.   The  usefulness 
of  this  antenna  is  limited  to  those  installations  that  permit  radiation 
into  the  two  hemispheres  that  surround  the  antenna.   It  has  been 
recognized  from  the  beginning  that  it  might  find  its  widest  use  as  a  flush 
mounted  cavity  backed  antenna.   Therefo^  as  a  secondary  objective, 
some  time  has  been  spent  in  an  effort  to  obtain  a  backing  that  will 
permit  the  full  use  of  the  bandwidth  of  the  basic  structure.   Such 
efforts  have  not  been  successful  as  of  the  present  time. 

An  extension  of  the  principle  of  specifying  the  structure  entirely 
by  angles  would  lead  to  some  form  of  conical  or  spiral  structure.   Various 
cavities  with  conical  bottoms,  as  in  Fig.  83,  were  tried.   The  cone 
angle  was  varied  from  5  degrees  to  45  degrees  without  showing  promise 
of  a  bandwidth  greater  than  two  or  three  to  one.   Spiral  backings,  such 
as  that  in  Fig.  84,  were  tried.   It  was  possible  to  suppress  the 
radiation  on  one  side  at  certain  frequencies  but  the  structure  was  not 
frequency  independent.   The  expanded  antenna  appears  to  be  frequency 
independent,  as  is  the  planar  structure;  however,  when  the  antenna 
is  expanded,  the  reationship  between  the  arm  length  and  the  polar 
angle  q)   is  altered  so  that  the  rate  of  pattern  rotation  is  altered. 
A  successful  combination  of  the  expanding  and  planar  models  would, 
of  course,  require  that  the  expanding  spiral  suppress  the 
radiation  of  the  planar  spiral  in  one  hemisphere  at  some  frequency 
and  that  the  two  spirals  have  the  same  rate  of  pattern  rotation. 
One  could  expect  this  structure  to  be  unidirectional  and  independent 
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of  frequency.   Such  a  structure  has  not  been  successfully  constructed  but 

would  seem  to  warrant  further  investigation. 
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Figure  84  Planar  equiangular  spiral  antenna  backed  with  an  Expanding 
Conical  equiangular  Spiral. 


7.2  Antenna  with  Absorbing  Termination  127 

One  solution  to  a  broadband  cavity  backing  has  been  proposed  by 

(4) 
DuHamel  and  Isbell.     For  some  applications, the  sacrifice  in 

efficiency  brought  about  by  a  resistive  cavity  may  not  be  prohibitive.   The 

cavity,  to  be  completely  effective,  must  absorb  one  half  of  the  radiated 

power  at  all  frequencies  of  operation,  leaving  the  performance  of  the 

antenna  the  same  as  its  free  space  performance  in  the  hemisphere  of 

radiation. 

To  check  the  performance  of  the  spiral  over  one  such  cavity,  a 
metal  hemisphere  of  radius  eight  inches  was  lined  with  three  inches 
of  absorbing  material  and  attached  to  one  side  of  antenna  2M-15c. 
Figure  85  is  a  drawing  of  the  cavity  and  antenna.   Radiation  patterns 
of  this  antenna  with  and  without  the  cavity  over  a  20  to  1  bandwidth 
are  shown  in  Figs.  86  and  87.   The  relative  gain  of  the  antenna  with 
the  cavity  to  that  of  the  antenna  without  the  cavity  is  indicated  in 
Fig.  88.   The  increase  in  gain  at  the  lower  frequencies  would 
indicate  an  incomplete  absorption  of  the  back  radiation;  however, 
above  1500  mc  the  gain  at  pattern  maximum  is  within  1  1/2  db  of  the 
gain  without  the  cavity. 

The  standing  wave  ratio  of  antenna  2M-15-3C  over  this  cavity 
is  indicated  in  Fig.  89. 

These  measurements  indicate  that  it  would  be  possible  to  obtain 
good  broad  band  operation  with  a  suitably  developed  resistive  cavity. 
For  certain  applications  the  decrease  in  efficiency  may  be  overweighted 
by  the  need  for  very  broad  band  unidirectional  performance. 
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7.3  The  Antenna  over  a  Conventional  Cavity 

Until  a  frequency  independent  reactive  cavity  is  developed,  it  is 
of  interest  to  determine  the  behavior  of  the  antenna  over  a  conventional 
cavity.   Antenna  2M15-C,  which  is  11  inches  in  diameter  and  whose 
patterns  Without  a  cavity  termination  are  shown  in  Figs.  12  and  13, 
was  mounted  over  a  13  inch  square  flat-bottomed  cavity.   The  cavity 
depth  was  made  adjustable,  and  patterns  were  recorded  at  3010  mc, 
where  the  antenna  arms  were  approximately  4.9X.in  length.   The 
patterns  were  acceptable  for  a  cavity  depth  from  slightly  less  than 
1/8X  up  to  slightly  less  than  1/2X.   Figure  90  indicates  the  polarization 
of  the  field  on  axis  over  this  range  of  depths.   This  indicated  that 
a  frequency  bandwidth  of  as  much  as  3.7  to  1  might  be  obtained. 

The  cavity  depth  was  fixed  at  three- fourths  inches  and  the 
frequency  of  operation  varied.   Figures  91  and  92  indicate  that  acceptable 
patterns  were  obtained  from  1730  to  6,000  mc,  a  3.48  to  1  bandwidth. 
At  1,700  mc  the  E  pattern  on  the^>  =  0  cut  has  a  3db  depression  on 
axis  and  at  6,200  mc  the  F^.  pattern  on  the  0  =  90  cut  has  two 
symmetrical  minima  3  db  down  from  the  pattern  maximum.   Over  the 
3.5  to  1  bandwidth  of  Figs,  91  and  92  these  depressions  are  no  greater 
than  2.2  db. 

This  particular  cavity  is  not  necessarily  an  optimum  design  but  was 
chosen  merely  to  demonstrate  that  the  equiangular  spiral  over  a  simple 
cavity  is  a  practical  antenna. 

The  standing  wave  ratio  of  antenna  2M-15-3C  over  such  a  cavity 
is  shown  in  Fig.  93. 


X34 


7 

I 

6 

e 

0 

Q. 

UJ 

c 
o 
•^     3 

o 

N 

o 

Axial    Ratio  of  Pol 

.2  .3  .4 

Depth  of  Cavity  in  X 


Figure  90  Polarization  of  the  field  on  axis  of  antenna  2M-15-C  over 
a  13  inch  square  cavity  with  flat  bottom  f  =  3010  mc 
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VIII.   CONCLUSIONS 

The  planar  balanced  equiangular  spiral  antenna  has  been  demonstrated 
to  be  the  first  antenna  to  exhibit,  in  a  practical  size,  the  characteristics 
associated  with  an  infinite  structure.   It  is  a  remarkable  antenna  in 
that  it  makes  possible  radiation  pattern  bandwidths  previously  considered 
to  be  impossible.   It  is  truly  frequency  independent   since  the 
bandwidth  has  been  shown  to  be  limited  only  by  the  chosen  arm  length 
and  the  precision  of  construction  at  the  feed  point.   An  extension 
of  the  bandwidth  is  a  practical  matter  since  the  arm  need  only  be  one 
wavelength  at  the  lowest  frequency  of  operation,  and  this  extension 
to  a  broader  and  broader  arm  will  not  affect  the  excellent  efficiency 
or  power  handling  capabilities. 

The  antenna  will  provide  circularly  polarized^ single  lobe, 
bidirectional  radiation,  perpendicular  to  the  plane  of  the  antenna. 
The  beam  width  varies  with  rotation  in  the  plane  of  the  antenna, 
and  since  the  pattern  rotates  with  frequency,  the  apparent  beam  width 
will  vary  with  frequency  for  a  fixed  ^  cut.   This  variation  is 
typically  from  40  to  60  degrees.   The  more  tightly  wound  spirals  and  the 
antennas  with  broader  arms  have  the  most  uniform  patterns.   The  input 
impedance  converges  with  increasing  frequency ,  and  for  the  antennas  of 
most  interest  the  slot  antenna  is  rarely  mismatched  more  than  three 
to  one  to  a  50  ohm  line,  and  is  usually  two  to  one  or  t)etter  over 
the  radiation  pattern  bandwidth. 

The  structures  described  in  this  report  are  not  miniature  when 
compared  to  many  present  narrow  band  antennas.   However,  the  maximum 
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diameter  need  be  only  one  half  wavelength  or  slightly  more.   The  primary 
advantage  of  the  antenna  is  its  unlimited  bandwidth,  circular  polarization, 
and  excellent  efficiency  and  power  handling  capabilities. 

Additional  effort  should  be  expended  toward  the  development  of  a 
cavity  backed  version  of  the  antenna  to  permit  its  widest  utilization. 
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APPENDIX  A 

TABLE  OF  PHYSICAL  PARAMETERS  OF  THE  SPECIFIC  ANTENNAS  REFERRED  TO  IN 
THE  TEXT. 


Antenna*1*    fc^3\,^x    a       6       K 
Un/LO) 


M  5 

2M-5W*2) 

2M-8 

M-10 

2M-10 

2M-15 

2M-15C 

2M-15-3C 

2M-15-4C 

2M-18 

2M-21 

2M-23 

2M-28C 

2M-32 

2M-38 


1 

.35 

1.087 

.684 

2 

.35 

1.087 

.684 

2 

.303 

.538 

.85 

1 

.303 

.948 

.75 

2 

.303 

.948 

.75 

2 

.303 

1.57 

.62 

2 

.303 

1.57 

.62 

5. 

18 

.303 

1.57 

.62 

13. 

42 

.303 

1.57 

.62 

2 

.415 

1.705 

.49 

2 

.415 

.704 

.75 

2 

.35 

1.475 

.597 

6. 

3 

.20 

1.21 

.692 

2 

.45 

.622 

.75 

2 

.35 

.823 

.75 

Arm 

Max. 

Arm 

Length 

Diam. 

Term. 

(cm) 

(cm) 

31.7 

25.3 

r  v 

37.7 

30.4 

r  v 

36.6 

22.8 

r  v 

23.0 

22.9 

r  v 

42.3 

29.2 

r  v 

38.7 

28.4 

r  v 

38.7 

28.4 

arc 

37.1 

28.4 

arc 

32.9 

28.4 

arc 

34.9 

36.3 

r  v 

40.7 

36.3 

r  v 

27.6 

23.5 

r  v 

59.2 

25.3 

arc 

31.5 

30.0 

r  v 

37.1 

28.4 

r  v 

Footnotes: 

1.  Antennas  identified  by  a  model  number  as  listed  are  slot  antennas.   To 
identify  those  constructed  with  metal  arms  in  "free  space"  a  letter: 
"a"  is  inserted,  as  2  MA-15. 

2.  One- fourth  inch  walls  were  soldered  along  the  slot  arms — see  Fig.  44. 

3.  Purely  ^.s  a  convenience  in  plotting,  k  was maintained  in  units  of 
inches/10;  thus  0'  is  "always  >  0  and  P  •>  1 ,  facilitating  plotting  on 
conventional  polar  paper,  divided  10  parts  to  the  inch. 

4.  "rv"  indicates  a  termination  along  ^the  Tadius  vector;  "arc"  indicates 
a  termination  along  a  circle  with  radius  at  the  origin. 

5.  The  table  is  not  intended  to  be  a  tabulation  of  all  antennas  tested. 
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